Waardenburg syndrome (WS) is a rare auditory-pigmentary disorder that exhibits varying combinations of sensorineural hearing loss and pigmentation defects. Four subtypes are clinically defined based on the presence or absence of additional symptoms. WS type 2 (WS2) can result from mutations within the MITF or SOX10 genes; however, 70% of WS2 cases remain unexplained at the molecular level, suggesting that other genes might be involved and/or that mutations within the known genes escaped previous screenings. The recent identification of a deletion encompassing three of the SOX10 regulatory elements in a patient presenting with another WS subtype, WS4, defined by its association with Hirschsprung disease, led us to search for deletions and point mutations within the MITF and SOX10 regulatory elements in 28 yet unexplained WS2 cases. Two nucleotide variations were identified: one in close proximity to the MITF distal enhancer (MDE) and one within the U1 SOX10 enhancer. Functional analyses argued against a pathogenic effect of these variations, suggesting that mutations within regulatory elements of WS genes are not a major cause of this neurocristopathy.
Introduction
Waardenburg syndrome (WS) is characterised by the association of sensorineural hearing loss and pigmentation abnormalities, including depigmented patches of the skin and hair and vivid blue eyes or heterochromia iridis. Its prevalence is estimated to be 1 in 42,000 and it is responsible for 1-3% of all cases of congenital deafness [1, 2] . Other features, such as dystopia canthorum, musculoskeletal abnormalities of the limbs, and Hirschsprung disease, are found in a subset of patients and used for the clinical classification of this syndrome into four subtypes (WS1-4). At the molecular level, WS is genetically heterogeneous, with six genes known to be involved: PAX3 (encoding the paired box 3 transcription factor), EDN3 (endothelin-3), EDNRB (endothelin receptor type B), SOX10 (Sry bOX10 transcription factor), MITF (microphthalmia-associated transcription factor), and SNAI2 (snail homolog 2) (for review, see [1] ). WS2, which is defined by the absence of additional features, results from mutations occurring with different frequencies within the last three of these genes, SOX10, MITF, and SNAI2. Heterozygous MITF mutations have been reported in about 15% of cases [1, 2] , but homozygous deletions of the SNAI2 gene, however, have been described in only two patients [3] , arguing against a major involvement of this gene. Recently, we showed that another 15% of WS2 cases are due to heterozygous SOX10 point mutations or deletions [1, 4, 5] . Some mutations are responsible for extended phenotypes, including peripheral and central neurological defects, and are referred to as PCW (Peripheral demyelinating neuropathy -Central dysmyelinating leucodystrophy -Waardenburg syndrome) [1, 6] . Overall, 70% of WS2 remain unexplained at the molecular level, suggesting that other genes might be involved and/or that mutations within the known genes escaped previous screenings. It was therefore tempting to speculate that alteration of the expression level or sites of MITF or SOX10, which are tightly regulated during development, can lead to WS2.
Mitf/MITF, which encodes a member of the Myc supergene family of basic helix loop helix zipper (bHLH-Zip) transcription factors, is known as the key transcription factor in melanocyte development (for review, see [7, 8, 9] ). This gene contains nine alternative promoters, producing multiple isoforms differing in their amino termini but sharing exons 2-9. Of all the different Mitf promoter elements, the melanocyte specific one (MITF-M) has generated the most interest because of its tissue specificity and function [8, 9, 10] . Various signalling molecules and transcription factors regulate expression from the MITF-M promoter, including Wnt, MSH, PAX3, SOX10, LEF-1, OC2, CREB, BRN2, and FoxD3 [9, 10, 11, 12] . In humans, most of the responsive MITF promoter sequences lie within a region of 400 bp upstream of the MITF-M transcription initiation site. A distal regulatory region known as the MITF distal enhancer, or MDE, was characterised more recently [13] . This region of 298 bp, localised nearly 15 kb upstream of the human MITF-M transcription initiation site, is partially conserved in mouse and dog [13, 14] . It contains at least two functional SOX10 binding sites and enhances M promoter activity in melanoma cells. In mouse, the importance of this element is consistent with the coat colour defects observed in the Mitf mi-red-eyed-white mutant, carrying a large deletion including this region [9] .
The SOX10 transcription factor is an important pleiotropic regulator of neural crest development, regulating stem cell maintenance and cell lineage progression (for reviews, see [15, 16, 17] ). Its function is well described, and recent studies shed light onto the complex regulation of its expression [18, 19, 20, 21, 22, 23] . In silico analyses led to the identification of several enhancers of SOX10. We and others identified several of these regulatory elements, five upstream (U1-5) and one downstream (D6+7) of the human SOX10 gene ( [22, 23, 24] ). The functional relevance of these elements was confirmed in different cell lines and in zebrafish, chicken and mouse models, where they drive expression in several neural crest derivatives [19, 22] . Two of them, U1 and U3, which are localised 55 kb and 33 kb upstream of the SOX10 gene respectively, drive SOX10/Sox10 expression during melanocyte development in particular, at least in zebrafish and in melanoma cells ( [18, 19] and our unpublished results). These two sequences contain dimeric SOX consensus binding sites, which are essential for enhancer activity, as well as multiple binding sites for other factors known to play key roles in neural crest development [18, 19, 21] .
Mutations within the SOX10 gene are not only responsible for some WS2 cases but they also explain about 50% of WS4 cases, characterised by an association with Hirschsprung disease (HD, absence of enteric ganglia in the distal part of the intestine) [1, 25] . Recently, we described the first characterisation of a large deletion encompassing several SOX10 enhancers in a patient presenting with WS4 [24] . Taken together with previous results, this demonstrated that the disruption of highly conserved non-coding elements located within or at a long distance from the coding sequences of key genes can result in several neurocristopathies, particularly WS and HD ( [24, 26] ). This led us to search for deletions and point mutations within the MITF and SOX10 regulatory elements in unexplained WS2 cases.
Materials and Methods

Patients
A total of 28 WS2 patients previously found to be negative for point mutations or deletions within the MITF and SOX10 genes were investigated. SNAI2 screening revealed an absence of anomalies in the two patients presenting with MDE and U1 variations. Genomic DNA was extracted from peripheral blood leukocytes using standard protocols. Written informed consent was obtained for all patients. The study has been validated by the ethical committee which waived requirement for a formal ethical approval in regards to the research performed.
Molecular analysis
Semi-quantitative fluorescent multiplex PCR (QMF-PCR) was used to amplify five of the regulatory regions located 59 of the SOX10 gene (U1-5) and one (D6+7) located 39 of the gene in one fluorescently labelled multiplex reaction with two external controls, following previously described protocols ( [24] ). The same strategy allowed us to screen a 220 bp region of the MITF promoter using the following primers: 59-TTAGAT-GATGTCTCCTCCAA-39 and 59-AAATGTTGATAT-CAATTTTTCC-39.
In parallel, PCR amplification and direct sequencing of the U1, U3, MDE, and MITF promoter regions was performed using the primers described in Table 1 . Thermo Scientific high fidelity DNA polymerase (Fermentas) was used for PCR amplification, with genomic DNA and 5% DMSO. The reaction started with an initial denaturation of 5 min at 95uC, followed by 35 cycles at 95uC for 1 min, 62uC (U1 and U3), 55uC (MITF promoter) or 58uC (MDE) for 1 min, and 72uC for 2 min. Then, 2 ml of the purified PCR products were used for direct sequencing.
Upon variation identification, the dbSNP (http://www.ncbi. nlm.nih.gov/snp) and 1000 genomes project (http://browser. 1000genomes.org) databases were used to search for previously identified polymorphisms. In parallel, 50 controls (100 chromosomes) of matched geographical origins were confirmed negative for the variations identified in patients. The genomic location of the variations was given according to the international nomenclature based on the human chromosome 3 (NC_000003.11) and chromosome 22 (NC_000022.10) reference sequences. Analysis with the TFSEARCH program (Searching Transcription Factor Binding Sites, http://www.rwcp.or.jp/papia/) was used to seek putative transcription factor binding sites and their alteration upon variation identification.
Plasmid constructs, cell culture, transfection, and reporter assays
The MDE reporter construct (previously called pGL3-cis1) was kindly provided by Pr. Shigeki Shibahara [13] . The identified variation was inserted by site-directed mutagenesis using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The U1 enhancer region was amplified by PCR using control and patient DNA and the primers 59-GAGCTCCCAGCCGCCCCCTAC-GACTGCCC-39 and 59-CTCGAGGCACAGGATGG-GACGGGTTGAG-39, containing SacI and XhoI restriction sites, respectively. After double digestion, the PCR products were cloned into the pTAL-luc vector (Clontech). The FoxD3 cDNA was amplified using the primers 59-GGCACT-CAAACCCTCTTCCCCTGAGCTCCG -39 and 59-GCAGCCTGGAGGTGCATTTGTTGCT -39, and cloned into a TOPO-V5 expression vector (Invitrogen).
HeLa and SKMel5 cells (ATCC) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal calf serum and transfected using Lipofectamine PLUS reagents (Invitrogen). Approximately 110,000 cells were plated on 12-well plates and transfected 1 day later with 0.5 mg of reporter plasmid and the FoxD3 expression plasmid. Twenty-four hours posttransfection, cells were washed twice with PBS and lysed, and the extracts were assayed for luciferase activity using the Luciferase Assay System (Promega) as previously described [4, 5, 27] . Results
Analysis of SOX10 regulatory sequences
Based on the recent identification of a WS4 patient presenting with a large deletion encompassing three SOX10 enhancers, we first screened for deletions of SOX enhancers using the previously described QMF-PCR strategy ( [24] ). Analysis of the U1-5 and D6+7 regions (Fig. 1A, grey arrowheads indicate the position of the primers) revealed an absence of deletions or detectable rearrangement within the 28 WS2 cases included in our study. The high enhancer activity of U1 and U3 sequences observed in melanoma cells ( [19] and our unpublished results), along with their crucial function during zebrafish melanocyte development, led us to analyse these regions in more detail. We searched for point variations within these two regulatory elements (see Fig. 1A , black arrows, and Table 1 for primer sequences) by a direct PCR sequencing strategy. No variations were found within U3, but one was identified within U1: g.38434799C.T on chromosome 22 (G.A on the reverse sequence, Fig. 1B ), which has not been reported in polymorphism databases. This nucleotide, which lies 59 of the most conserved sequence, is not evolutionarily conserved (Fig. 1C) . The patient was born of a healthy non consanguineous couple. He presented with a white frontal forelock and bilateral profound hearing loss revealed by neonatal hearing screening. Temporal bones CT scan showed no malformation and a cochlear implantation has been performed. His older sister presented with isolated, bilateral profound hearing loss diagnosed at the age of 6 months. No sign of skin, hair or irides depigmentation was observed. GJB2 mutations screening was found negative. The parents and sister testing revealed the variation was inherited from the mother and was not carried by the sister.
TFSEARCH analysis indicated that the concerned variation may alter putative ADR1 (alcohol dehydrogenase (ADH) II synthesis regulator) and/or AP-2 (activator protein-2) binding sites ( Fig. 2A) .
The effect of this variation on the ability of U1 to direct reporter gene expression was tested in vitro. To this end, wild-type or mutated versions of U1 were cloned upstream of a minimal promoter directing basal luciferase expression, and constructs were transfected into SKMel5 and HeLa cell lines, and their enhancer activity was tested 24 hours later. The wild-type U1 sequence conferred a 107.8624.2-fold and a 79.9616.6-fold increase in activation in SKMel5 and HeLa cells, respectively (Fig. 2B) , confirming the ubiquitous enhancer activity of this element [19, 23] . Under our experimental conditions, the identified variation did not significantly alter U1 enhancer activity. Indeed, a 94.8622.1-fold and an 86.168.8-fold increase in activation were observed in SKMel5 and HeLa cells, respectively. Altogether, our results argued that the variation identified in this patient did not confer any significant functional consequences.
Analysis of MITF regulatory sequences
We used similar strategies to search for deletions and point mutations within the known MITF regulatory sequences. First, we used QMF-PCR to screen for deletions within the well known MITF-M promoter region (Fig. 3A , grey arrows indicate the positions of the primers). No deletion or rearrangement were identified. In parallel, we used direct PCR sequencing strategies to analyse i) the 400 bp promoter region and 100 bp downstream of the M transcription initiation site (Fig. 3A and Table 1 ); and ii) the MDE region and around 150 bp of flanking regions (Fig. 3A , black arrows, and Table 1 for primer sequences). No variation was identified within the promoter region, but one nucleotidic substitution, not reported in polymorphism databases, was found within the 39 flanking region of the previously defined MDE region: g.69972010C.T on chromosome 3 (Fig. 3B) . The affected nucleotide is conserved in mouse but not in dog (Fig. 3C) . This variation was identified in a WS2 patient who is the unique child of a non consanguineous couple. He presented with bilateral profound sensorineural hearing impairment diagnosed at 8 months of age. The temporal bones CT scan and fundus oculi were normal. At 16 months, he presented with a synophrys without any other dymorphism. His mother was born with a white frontal forelock and her hair has begun greying at 16 years. Several cases of premature hair greying have been noted in the maternal lineage. The molecular result was confirmed on a second sample but the parents were not available for testing. The region containing the identified variation was described as able to reduce the enhancer activity of MDE, but no transcription factor binding sites were reported [13] . TFSEARCH analysis revealed that the region contained a putative HFH-2 (HNF-3 Forkhead homolog 2; FoxD3) binding site. The variation lies within a CAP (cAMP receptor protein) binding site and could create an additional FoxD3 putative binding site (Fig. 4A) .
To test its functional relevance, the consequences of this variation on the ability of MDE to direct reporter gene expression was analysed in melanoma cells as previously described [13] . Briefly, wild-type or mutated versions of MDE (MDE or MDEmut) constructs were transfected into SKMel5 cells and their enhancer activity was tested 24 hours later. A 99.4617.4-fold and a 104.3622.4-fold increase in activation was observed in the wild-type and mutated versions of MDE, respectively (Fig. 4B) . The presence of putative FoxD3 binding sites within the wild-type MDE sequence as well as the presence of an additional site within the patient's sequence led us to test the role of FoxD3 on MDE regulation. Co-transfection with FoxD3 reduced the fold-activation to 2767.8, suggesting a repressive role for this transcription factor on MITF promoter activity [27, 28, 29] and on MDE (Fig. 4C) . Nevertheless, no further repression was observed upon transfection with the mutated construct. Indeed, the same repressive effect was observed for the mutated MDE sequence (Fig. 4C) , arguing against any pathogenic effect caused by the variation.
Discussion
In this study, we report the screening of SOX10 and MITF regulatory elements in WS2 patients that had not been previously characterised at the molecular level. No deletion was identified upon QMF-PCR analysis of the MITF promoter and the SOX10 regulatory regions. Sequencing of U1 and U3 SOX10 enhancers, as well as the MITF promoter and enhancer regions, led to the identification of two new variations: one in close proximity to the MITF enhancer sequence MDE, and one within the U1 enhancer. Each of these variations could potentially create or alter transcription factor binding sites: creation of an HFH2/FOXD3 site in the case of MDE, and alteration of ADR1 and AP2 binding sites in the case of U1. However, combined functional analyses and familial segregation suggested an absence of deleterious effects for these two variations.
For MITF, TFSEARCH analysis revealed that the 298 bp MDE region contained at least two putative HFH2/FOXD3 binding sites. One of these, described in Figure 4 , is very close to the variation identified. Interestingly, recent reports shed light on the involvement of FOXD3 in the regulation of Mitf expression in vivo and in vitro. Several groups working in mouse or zebrafish showed that this transcription factor represses MITF expression through promoter regulation [28, 29, 30, 31] . However, direct binding of FOXD3 to the MITF promoter region has been proposed by some and refuted by others. Thomas et al. suggested that functional FoxD3 binding sites might exist elsewhere in the gene [31] . Our results are in agreement with this last observation and suggest that FoxD3 also represses MITF expression through MDE regulation.
Recent reports have found that the disruption of highly conserved non-coding elements, both within or at a long distance from the coding sequences of key genes, resulted in several neurocristopathies, including HD and WS type 4 ( [24, 26] ). These findings serve to open new routes to the molecular description of these disorders. The MITF and SOX10 regulatory sequences were therefore considered to be good candidates for yet unexplained WS2 cases. The very low level of sequence variation we identified here argues against a major implication of these regulatory sequences in WS2 and leaves about 70% of WS2 still unexplained at the molecular level. Future studies will aim at screening the noncoding regions of these genes, but priority should be given to the discovery of new WS2 genes.
The recent identification of a deletion encompassing the SOX10 regulatory elements U1 and U3 in a patient with WS4 [24] , as well as their functional importance during enteric nervous system development ( [22] and our unpublished observations), opens the possibility that variations within regulatory sequences could be at the origin of other phenotypes, or play a role in phenotypic variability. This paradigm parallels another SOX gene close to SOX10, SOX9. The involvement of the latter in campomelic dysplasia (CD) was demonstrated 17 years ago [32, 33] , but long distance genomic alterations at this locus have been recently associated with isolated disorders of sex development as well as isolated Pierre Robin sequence (PRS), both typical features of CD [34, 35, 36, 37] . In addition to enlarging the list of diseases associated with SOX9 mutations in human, these results clearly demonstrate that endophenotypes of CD can result from tissuerestricted alterations of SOX9 expression due to disruption of tissue-specific, long-distance regulatory regions [26, 37] . The increasing number of SOX10 regulatory elements identified and the tissue-specific expression patterns of some of them lead us to speculate that endophenotypes of WS4, such as isolated HD, might also be linked to mutations within regulatory sequences of SOX10, hypothesis that will be tested in the near future.
